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ARTICLE INFO ABSTRACT

Keywords: Polysaccharides are excellent network formers and are often processed into films from water solutions. Despite
Qualjtz C.rYStal microbalance with dissipation being hydrophilic polysaccharides, the typical xylans liberated from wood are sparsely soluble in water. We have
monitoring previously suggested that an additional piece to the solubilization puzzle is modification of the xylan backbone
‘S/Z?;irﬂ]irzlzir:flnons via oxidative cleavage of the saccharide ring. Here, we demonstrate the influence of the degree of modification, i.

e., degree of oxidation (DO) on xylan solubilization and consequent film formation and stability. Oxidized and
reduced wood xylans (i.e., dialcohol xylans) with the highest DO (77 %) within the series exhibited the smallest
hydrodynamic diameter (dp) of 60 nm in dimethylsulfoxide (DMSO). We transferred the modified xylans into
films credit to their established solubility and then quantified the film water interactions. Dialcohol xylans with
intermediate DOs (42 and 63 %) did not form continuous films. The films swelled slightly when subjected to
humidity. However, the film with the highest DO demonstrated a significant moisture uptake that depended on

the film mass and was not observed with the other modified grades or with unmodified xylan.

1. Introduction

Xylans are hemicelluloses composed of D-xylopyranose units linked
by p-1,4 glycosidic bonds (Sixta, 2006; Teleman, 2009). They are
abundant in hardwoods (15-35 %) and can be liberated from wood in
pulping processes or by alkaline and hot water extraction, which de-
creases their molar mass and modifies their substituting group compo-
sitions (Sixta, 2006). Wood xylans are linear polysaccharides and are
typically decorated with uronic acids, acetyl groups, and mono-
saccharide side groups (Teleman, 2009). Arabino(glucurono)xylan and
4-O-methylglucuronoxylan are branched xylans which can be found in
some wood species, while other branched xylans such as arabinoxylan
and glucurono(arabino)xylan are commonly found in crops and grasses
(Ebringerova & Heinze, 2000).

Currently, cellulose is the main product utilized from the forest
biomass, whereas the other macromolecules, such as xylans, are not
employed in materials engineering. However, the growing recognition
that resource efficiency is paramount for supplying renewable materials
while preserving the forest as a carbon sink makes xylan use a topic for

consideration.

Wood xylans are hydrophilic due to their abundant hydroxyl groups,
but most of the liberated xylans are, in fact, poorly water soluble.
Branched polysaccharides are typically more soluble than unbranched
polysaccharides; therefore, the removal of the substituents during
liberation promotes the close packing of adjacent chains. For example,
debranching of arabinoxylan to a degree of substitution of 0.04 rendered
it insoluble in water (Bosmans et al., 2014). Charge can efficiently in-
crease water solubility, and xylans contain uronic acid side groups that
provide this feature (Guo et al., 2017). Molar mass is another factor that
governs solubility, since large molecules promote their self-interaction
due to their large volume and reduce conformational freedom with
respect to the solvent. For these reasons, many attempts have been made
to improve the water solubility of xylan by searching for suitable sol-
vents or xylan modifications.

The search for better solvents has involved new ones, such as ionic
liquids (Yu et al., 2020), whereas xylan modifications have included
hydroxypropylation (Hettrich et al., 2017; Jain et al., 2000; Nypelo
etal., 2016), carboxymethylation (Hettrich et al., 2017), sulfoethylation
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(Ebringerova et al., 1998), and oxidation (Amer et al., 2016) reactions
aimed at improving xylan interactions with water. Periodate oxidation
has been used for carbohydrate modification and analysis (Malaprade,
1928; Bobbitt, 1956; Zeronian et al., 1964) for decades. Oxidation
cleaves the carbon-carbon bonds between C2 and C3 of xylopyranose
units and equips those carbons with aldehydes. The newly generated
aldehydes are partially converted to hydrated aldehydes and form intra-
or interlinkages in solution immediately after the oxidation or in the
presence of water. Dialdehyde xylan has been demonstrated to form
flexible and transparent films (Rao et al., 2021) and to stabilize liquid
metal inks (Hao et al., 2021). The aldehydes can be reduced to more
stable forms (i.e., hydroxyl groups) to minimize self-interactions
(Borjesson et al., 2018; Leguy et al., 2018). Oxidation is also expected
to increase mobility in the chain due to opening of the xylopyranose
ring, thereby interrupting the close packing of the chains and increasing
the water interactions (Palasingh et al., 2022).

The focus of the present study was to evaluate the influence of the
degree of modification, i.e., oxidation (DO) on the dissolution, film
formation, and film stability of beechwood xylan following periodate
oxidization and sodium borohydride reduction. The hypotheses were
that these modifications enable xylan dissolution in solvents that allow
film formation, and that the modifications further increase the film’s
attractive interaction with water. The characteristics of the dialcohol
xylan (DalX) products in solution and the humidity sensitivity of the thin
films were investigated.

2. Materials and methods

Beechwood xylan, sodium periodate, sodium borohydride, ethylene
glycol, sulfuric acid, calcium chloride, sodium chloride, potassium sul-
fate, and dimethyl sulfoxide (DMSO) were purchased from Sigma
Aldrich (Sweden) and used without further purification. Oxidation
(Fig. 1) was conducted according to Amer et al. (2016). Xylan (4 g) was
dispersed in 115 ml of ultrapure water overnight, heated to 70 °C for 30
min, and cooled to room temperature before starting the reaction. So-
dium periodate solution was prepared by dissolving 2.2 to 5.2 g of so-
dium periodate in 75 ml of ultrapure water, and the entire volume was
added to the xylan solution. The oxidation was performed in darkness at
room temperature for 24 h. The DO was measured by observing the
consumption of periodate ions by UV-Vis spectroscopy (Cary 60 UV-Vis
Spectrophotometer, Agilent) (Maekawa et al., 1986). Unreacted peri-
odate was quenched with ethylene glycol (1 ml). The resulting oxidized
xylans were dialyzed in water for 2 days and then reduced with sodium
borohydride (2 g; 1:2 anhydroxylose unit mole equivalent) for 2 days to
obtain dialcohol xylan (DalX). The DalX was purified by dialysis for 2
days (Fig. 1), and then freeze-dried and stored in a freezer.

2.1. Carbohydrate composition

Xylan was hydrolyzed using 72 % sulfuric acid and treatment at 125
°C for 1 h (Theander & Westerlund, 1986). In short, 0.45 ml 72 % sul-
furic acid was added to 30 mg xylan and placed under vacuum for 15
min. The suspension was then placed in 30 °C water bath for 1 h, fol-
lowed by dilution with 12.6 g deionized water and autoclaving at 125 °C
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for 1 h. The hydrolysate was filtered through a glass microfiber filter and
diluted to 25 ml total volume with deionized water. A fucose standard
(2 ml of 200 mg/1 solution) was added to 1 ml hydrolysate, and subse-
quently diluted (1:50, v/v). The solution was filtered through a 0.2 pm
PVDF filter. The carbohydrate composition was analyzed by high per-
formance anion exchange chromatography with pulsed amperometric
detection (Dionex ICS-3000 equipped with CarboPac PA1 analysis col-
umn, Dionex Corporation, USA). The system was operated using NaOH/
NaAcOH and NaOH eluents.

2.2. Uronic acid determination

Uronic acid content of the xylan was determined using a colorimetric
method with UV-Vis spectroscopy (Blumenkrantz & Asboe-Hansen,
1973). Xylan (10 mg) was hydrolyzed with 0.5 ml 96 % cold sulfuric
acid and stirred with vortex for 5 min. Then, 0.25 ml cold water was
added and was stirred for 5 min. These steps were repeated one more
time. The hydrolysate was then diluted twice: firstly, with water to 10 ml
total volume and secondly, 3 times dilution with 9:1 water to sulfuric
acid solution. Diluted hydrolysate (160 pl), sulfamic acid-potassium
sulfamate (20 pl) and sodium tetraborate in sulfuric acid (800 pl)
were mixed in plastic vial and treated at 95 °C for 20 min. The solution
was analyzed with UV-Vis spectroscopy after addition of 40 pl of 0.15 %
w/v 3-phenylphenol.

2.3. Size exclusion chromatography (SEC)

The molar mass and dispersity of the beechwood xylan and DalXs
were investigated using DMSO-based SEC system equipped with a Jordi
xStream GPC column (Jordi Labs, MA, USA) and analyzed using
refractive index (RI) and right-angle light scattering (RALS, 670 nm,
90°) detectors. Approximately 4 mg of xylan and DalXs was pre-swollen
in 30 pl of water overnight prior to dissolution in 2 ml of 0.01 M LiBr/
DMSO. The solutions were prepared at room temperature and then
filtered through a 0.45 pm PTFE syringe filter before analyzing. The
filtered solutions (100 pl) were injected into the SEC system, The column
temperature was 60 °C, the detector temperature was 40 °C, and the
flow rate was 0.8 ml/min.

2.4. Dynamic light scattering (DLS)

The hydrodynamic diameter (dy) of DalX in DMSO was determined
by DLS. Xylan and DalXs solutions at concentrations of 5 mg/ml were
prepared by pre-swelling 10 mg of xylan and DalXs in 30 pl ultrapure
water overnight before adding DMSO. The solutions were analyzed with
a Litesizer™ 500 (Anton Paar, Austria) at 25 °C. The d}, was calculated
using the Stokes-Einstein equation (Eq. (1)):

kT
"~ 3myD

dy @

where k is Boltzmann’s constant, T is absolute temperature, 7 is vis-
cosity, and D is a transitional diffusion coefficient. The number distri-
bution and diffusion coefficient were determined using the Kalliope™
v2.20.2 software. The viscosity of DMSO was 0.00199 Paxs at 25 °C
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Fig. 1. Periodate oxidation and borohydride reduction of xylan.
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(LeBel & Goring, 1962).
2.5. Film formation

Xylan and DalXs (10 mg) were pre-swollen in 30 pl ultrapure water
and then dissolved in DMSO at a concentration of 5 mg/ml. The solu-
tions were formed into films on silicon substrates (Siegert wafers, Ger-
many) and on commercial silicon dioxide-coated Quartz crystal
microbalance with dissipation (DCM-D) sensors (Quartz Pro, Sweden)
by spin coating using a POLOS SPIN 200i device (SPS-Europe B.V.,
Netherlands) or a WS-650MZ-23NPP device (Laurell Technologies Cor-
poration, USA) operated at 4000 rpm for 180 s. Two layers of films were
deposited to ensure full coverage of the film. The films were then heated
in an oven at 80 °C for 10 min and stored in a desiccator. The silicon
substrates were used for morphology observations and thickness de-
terminations, while the QCM-D sensors were used for film humidity
sensitivity and thickness determinations.

2.6. Quartz crystal microbalance with dissipation

A QCM-D instrument (Q-Sense E4 equipped with QFM 401 flow
module, Biolin Scientific AB, Sweden) was used to determine film
thickness and to investigate the film response to humidity. The film mass
was determined according to Tammelin et al. (2015). In brief, the
resonance frequency of the sensor before and after film deposition was
recorded. The mass (Am) was extracted using the Sauerbrey equation
(Eq. (2)).

Af
Am= —C —f 2
n
Where C is the sensor sensitivity constant (0.177 mg/(Hz mz)), Afis the
frequency shift after film deposition, and n is an overtone number (3, 5,
7, ...,11). The thickness of the film (d) was calculated based on the
assumed density (p) of 1200 kg/m? for xylan and dialcohol xylan films
(Eq. (3)).
_Am
p

Swelling of the films was investigated by pumping air onto the film at
a specific relative humidity (RH) generated by saturated salt solutions.
The CaCl,, NaCl, and K3SO4 salt solutions (100 ml) were prepared in
250 ml flasks. The RH level generated by the salt solution inside the flask
was monitored with an RH sensor. A baseline was obtained by feeding
dry air (6 %RH; produced by pumping air through CaCly) overnight at a
flow rate of 400 pl/min. The films were exposed to 26 %RH, 75 %RH, or
97 %RH for 90 min and then cycled back to dry air. The experiments
were performed at room temperature (25 °C). Mass changes were
calculated with the Sauerbrey equation (Eq. (2)).

d 3

2.7. Atomic force microscopy (AFM)

The morphology, thickness, and surface roughness of the xylan and
DalX films were investigated using AFM (NTEGRA AFM, NT-MDT,
Russia) with Tap300Al-G tips (BudgetSensors, Bulgaria). The
morphology and roughness of the films were scanned using tapping
mode in at least 3 different positions. The data were processed using
Gwyddion software version 2.60. The thickness was determined by
scratching the films with a sharp tool to partly remove the film from the
substrates, and the scans were then recorded across the scratch. The
difference in the height of the substrate (scratched area) and the film
(unscratched area) was taken as the thickness of the film.
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3. Results and discussion
3.1. Oxidation and reduction of xylan

Beechwood xylan had a relative monosaccharide composition of
>99 wt% xylose and an uronic acid content of 8 mol%. A weight average
molecular mass of the xylan was 14,000 g/mol with dispersity of 2.5.
The oxidation led to DOs of 42 %, 63 %, and 77 % (denoted DalX40,
DalX60, and DalX80, respectively). Their measured molar masses and
dispersities were 14,500, 12,000, and 10,500 g/mol and 2.8, 2.8, and
2.5, respectively. A higher periodate concentration led to a faster reac-
tion (Fig. 2). With all three tested reactant-to-xylan ratios, most of the
periodate was consumed during the first 6 h. Nevertheless, a high DO
gave a low yield due to degradation (30 % yield), while the DalX60 and
DalX40 yields were 49 % and 70 %, respectively.

3.2. Solubilization of dialcohol xylans

The oxidation was anticipated to improve the attractive interaction
of xylan with polar solvents. Opening of the xylose units at the backbone
was expected to interrupt the close packing of the chains and enable
solvent access. We have previously shown that beechwood dialcohol
xylan dissolved in water at a concentration of 20 mg/ml with 84 % DO
(Palasingh et al., 2022). Here, the modified xylans did not completely
solubilize in water but solubilized better than the unmodified xylan, as
observed by the naked eye (Fig. S1). The solutions of modified xylans
were turbid at 5 mg/ml, suggesting that aggregates were formed. Hence,
complete solubilization was not observed, and although periodate
oxidation and reduction improved the solubilization of xylan in water,
they were not sufficient to fully solubilize xylan. The explanation for the
difference compared to previously reported water-soluble DalX (Pala-
singh et al., 2022) may be that the uronic acid content was lower in the
xylan used here (8 mol% compared to 12 mol%) which contributed to its
poor solubilization.

However, both the xylan and the DalXs were soluble in DMSO, which
has been shown to be a good solvent for xylans (Ebringerova et al.,
1994). The hydrodynamic diameter; d},, determined by measuring the
rate of scattered light intensity fluctuation, revealed a monomodal size
distribution (Fig. 3a). The average hydrated size determined from the
number weighted distribution was nearly identical for unmodified xylan

100
80 +
|
o
=
(@)
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0 g T g T E T E T
0 6 12 18 24

Time (h)

Fig. 2. Progress of periodate oxidation of xylan to 42 % (green triangles), 63 %
(red circles), and 77 % (blue squares) DO. The reaction was fitted with a first-
order kinetic model. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Hydrodynamic diameter (dy) (a) and correlation function (b) of xylan (black), DalX40 (green), DalX60 (red), and DalX80 (blue) dissolved in DMSO at a
concentration of 5 mg/ml. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(205 nm), DalX60 (224 nm), and DalX40 (208 nm) at 5 mg/ml. How-
ever, the native xylan exhibited a wider size distribution than the
modified grades. Conversely, the d}, of DalX80 was 3 times smaller (60
nm). This implies that a DO larger than 63 % is required to decrease the
dp. Nevertheless, the distribution of DalX80 still showed traces of large
aggregates over 100 nm, which probably reflected heterogeneous
oxidation due to poor xylan dispersion. The autocorrelation function
(g) represents the similarity of the intensity profile at time to and t and
implies the particle size by the signal decay. If the particles are small,
they move rapidly, leading to a fast decay of the degree of similarity, as
can be observed for DalX80 in Fig. 3b, compared to the other grades.

3.3. Morphology of the dialcohol xylan films

The topography and morphology of thin films formed from DMSO-
based solutions of xylan and DalXs at 5 mg/mL via spin coating was
investigated by AFM (Fig. 4). The morphology of the unmodified xylan
films exhibited fractal patterns, resembling phase-separated polymer
films (Fig. 4a). The films consisted of spherical features that assembled
into an open film with 45 % surface coverage. As the DO increased, the
film openness expanded and island-shaped areas grew larger (Fig. 4b—c).
We note that DalX40 and DalX60 films were inhomogeneous, since they
showed areas with denser islands and some with larger islands and
surface coverage decreased to 30 % and 35 % for DalX40 and DalX60,
respectively. DalX80 produced homogeneous closed and smooth films,
where the surface consisted of small features (Fig. 4d), similar to those of
water-soluble xylan (Kishani et al., 2019). The surface roughness of
DalX80 was 0.6 + 0.4 nm, while a value for the open films is not re-
ported as the roughness is not representing the accurate film surface
roughness. Neat xylan films (Peng et al., 2011; Saxena et al., 2009) and

xylan on cellulose substrates (Dalvi et al., 2020; Ganser et al., 2016)
prepared from aqueous solutions have been reported to form a nodular
pattern, which probably originates from the aggregation in solution, as
observed here as well.

The film thickness was examined using two approaches: recording
the height difference between the film and the substrate using AFM, and
deriving the thickness through film mass using QCM-D. The thickness of
the full coverage DalX80 film from AFM analysis was 9.6 + 2.0 nm,
while analysis using QCM-D indicated only half the thickness (4.6 = 1.5
nm) compared to the values derived from AFM. The AFM method probes
the thickness directly using the morphology scan, whereas the QCM-D
thickness value is derived from modeling and an assumption of layer
density; this difference could in part explain the difference in thickness
values. However, no technique currently available is superior to deter-
mine thickness for soft biopolymer films without a compromise (Spirk
et al., 2021). Hence, we provide the findings of the two methods and a
guide to use them qualitatively, while recommending a comparison of
values from the same analysis only. The open film thickness was
analyzed only with AFM and the thickness was 9.4 + 2.4 nm, 5.2 + 1.4
nm and 6.0 + 2.2 nm for xylan, DalX40 and DalX60, respectively.

3.4. Interaction of the films with humid air

The xylan films were subjected to varying humidity levels up to
nearly saturated conditions (97 %RH) in a QCM-D chamber. The hu-
midity response of the films increased with increasing humidity levels,
and more water was incorporated into the films (Fig. 5a-d). In theory,
the film mass has a direct influence on water vapor uptake as more
molecules are available. While the xylan and DalX40 films did not follow
this concept (Fig. 5a and b, respectively), DalX80 demonstrated an

15 nm

Fig. 4. AFM topography images of xylan (a), DalX40 (b), DalX60 (c), and DalX80 (d) film on a substrate.
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increasing water vapor uptake per film mass (Fig. 5¢).

The viscoelasticity of the films during adsorption was investigated by
plotting the moisture mass versus the energy dissipation (Fig. 5d), where
dissipation is indicative of the film viscoelasticity (i.e., softness). At 26 %
RH, the dissipation of the xylan and DalX40 films was almost unaltered,
whereas the dissipation of DalX80 films slightly increased. However, the
values were low, with little practical significance. The expectation was
that moisture bound in the film would amplify the viscous component
and result in an increase in the dissipation value. Increasing the RH to
75 % did not change the dissipation of xylan and DalX40 films very
much, whereas the DalX80 films became more viscous, as indicated by
the increase in the dissipation value. At the highest RH, the dissipation
value for the DalX80 films was obviously increased. This behavior was
similar to that of amorphous cellulose films, where RH up to 75 % has
been shown to lead to a small dissipation increase (1 x 107 or lower)
that further increased at 97 %RH (Tammelin et al., 2015). Arabinoglu-
curonoxylan films (Escalante et al., 2012) have been reported to exhibit
increasing softness at 80 %RH.

Since the film mass was determined by the QCM-D method, it is
possible to make a correlation of the hydration of the xylan films at the
different humidity levels at the molecular level. For this purpose, the
mass of the deposited film and the water needs to be converted into
moles, i.e., simply dividing the deposited xylan mass by the molar mass
of the anhydroxylose unit (132.14 g/mol) and by dividing the water
mass by 18.01 g/mol. Upon dividing the moles of water by the moles of
AXU gives then the ratio of water molecules per AXU. The amount of

incorporated water per AXU was between 0.48 and 0.59 for the different
films at 26 %RH (i.e., at these levels, two AXUs absorb a single water
molecule statistically) (Fig. 5e). At higher humidity levels (75 %RH), the
films exhibit a much more intense interaction, with the largest value of
1.3 to 2.0 molecules absorbing per AXU (DO 77 %). At 97 %RH, the
DalX80 film was capable of absorbing 4.2 molecules of water per AXU,
while the DalX40 and the xylan film showed less interaction (2.3 and 3.1
water molecules per AXU, respectively). The oxidation seems to need to
reach a certain degree to enhance the water vapor adsorption above that
of the neat xylan films. At the highest humidity levels, the DalX film
behave similarly to cellulose films, where in such experiments 1.08 to
3.6 water molecules were absorbed in 75 and 97 %RH (Reishofer et al.,
2022). Water vapor incorporation into cellulose thin films was similar at
low humidity levels, regardless of the film type. At low humidity levels,
the effect of morphology and supramolecular arrangement of the
macromolecule chains in the films did not play a prominent role. The
chemistry is important for such interactions as well but the difference of
oxidized xylans and neat xylans at low humidity levels (i.e. 26 %RH) is
within the accuracy limits of the method and does not seem to play a role
neither. By increasing the humidity levels, however, both effects,
morphology/arrangements and chemistry increasingly impact the water
vapor uptake in the films. Any change in the supramolecular arrange-
ment has then a tremendous effect on water vapor uptake was demon-
strated at the example of cellulose thin films. There, thermal treatment
of the thin films led to an aggregation of cellulose macromolecules
(Ehmann et al., 2015). Consequently, both liquid water uptake (Kittle
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et al., 2011; Kontturi et al., 2013; Mohan et al., 2012) as well as water
vapor uptake was much lower than for the nontreated thin films (e.g.
water uptake 2.0 vs 3.6 molecules of HoO/AGU for dried and nontreated
surfaces) (Reishofer et al., 2022). An overview on these findings on
cellulose thin films is summarized in a review article (Kontturi & Spirk,
2019). At high humidity levels, water absorption in nanoconfined pores
takes place, and this is a possible explanation, apart from chemistry, for
the different humidity response of the films (Reishofer et al., 2022).

The effect of morphology of the xylan films representing islands (all
surfaces except DalX80), raises questions whether the water uptake
mechanisms in such islands differs from that of the homogenous films. A
systematic study is needed to address this question, which requires the
use of e.g., sophisticated nano-IR grazing incidence mapping experi-
ments which would show whether water sits on the surface, at the
interface to the silicon substrate and xylan or whether it is distributed
equally over the islands. From the data we collected it seems that the
aggregates formed on the surfaces restrict access of water inside the
material, probably due to minimization of the surface free energy. This
would make the incorporation of water a thermodynamically unfavored
process.

4. Conclusions

Periodate oxidation and borohydride reduction modification
changed beechwood xylan structure by opening the xylose unit at the
backbone; this was expected to promote xylan solubilization in water
and consequently film formation from the solution. The unbranched
beechwood xylan required a high DO (77 %) to allow its solubilization in
water. In DMSO, the high DO xylan displayed the lowest hydrodynamic
diameter among the grades inspected and produced homogeneous
smooth films. These films swelled with increasing relative humidity and
their energy dissipation value obviously increased. We conclude that the
modification of xylan into DalX80 transformed it more solubilizable,
and that enabled film formation from the solution. This grade also
exhibited a high hydration per AXU units and confirms that the modi-
fication can provide tailor-made xylans, and films thereof, with defined
water uptake capabilities.
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